Pigment biosynthesis in the cyanobacterium, Anacystis nidulans, was examined in the presence of gabaculine (5-amino-1,3-cyclohexadienylcarboxylic acid). At 20 micromolar, this inhibitor blocked the biosynthesis of both chlorophyll and phycocyanin. Analogs of gabaculine were not effective as inhibitors of chlorophyll or phycocyanin biosynthesis. Iron-and phosphate-deficient cultures were 2-to 4-fold more sensitive to the inhibitor than were normal or nitrate-deficient cultures. Inhibition resulted in the excretion of a mixture of organic acids by the cells. 5-Aminolevulinic acid was a principle component of the mixture, identified by thin layer chromatography. Excretion of 6-aminolevulinic acid occurred following a brief lag after gabaculine addition. It remained linear for nearly 24 hours and was dependent upon illumination. However, high light inhibited excretion. Apparently, gabaculine blocks chlorophyll biosynthesis after the formation of 6-aminolevulinic acid in cyanobacteria.
Recovery of cyanobacteria from iron deficiency is accompanied by a reproducible pattern of photosynthetic membrane repair. When iron is restored to a chlorotic culture, there is a 3 to 5 h lag, followed by the synthesis and insertion of Chl proteins into existing membranes (23) . At later times, the assembly of new membrane becomes apparent (27) . The factors which regulate the assembly of Chl proteins under these conditions are not well understood. Iron starvation reduces the synthesis of protoporphyrins, presumably by feedback inhibition due to an accumulation of protoheme (5, 8, 28) . Since Chl is a component of several thylakoid membrane polypeptides, decreased Chl availability may play a regulatory role in Chl protein assembly.
The differential effects of Chl availability and of intracellular iron during recovery from iron deficiency have previously been examined using two inhibitors of Chl biosynthesis (12) . One of these, LA2, is a competitive inhibitor of ALA dehydratase (17, 18) , and effectively blocks protoporphyrin biosynthesis in both normal and iron-deficient cyanobacteria (1 1). The mechanism by which the second inhibitor, GAB, affects cyanobacteria is virtually unknown (12) . This compound interferes with pyridoxal phosphate-linked aminotransferase activity (25, 26) , and inhibits Chl biosynthesis in higher plants (9, 10, 15, 29) .
In this report, we have examined the effects of GAB on Our findings consist of three pertinent observations. First, GAB inhibited the accumulation of both Chl and PC. The concentration requirements for inhibition were similar to those of other systems (15, 25) . Second, these concentration requirements were influenced by the nutrient status of the cell. Finally, GAB induced the excretion of organic acids, a major excretion product being ALA. This suggested that GAB inhibits Chl biosynthesis in cyanobacteria at a site following ALA formation.
MATERIALS AND METHODS
Cells of Anacystis nidulans R2 were grown in shaking culture as previously described (13) . Axenic cultures were monitored microscopically and by plating on nutrient agar. Nutrient deficient cells were obtained using modifications of the BG-11 growth medium of Allen (1) . To obtain iron-deficient cells, equimolar amounts of ammonium citrate replaced ferric ammonium citrate (14) . Nitrate deficiency was induced by adding 10-fold less sodium nitrate (2) . Phosphate deficiency was induced by omitting K-phosphate (3). All of the experiments described here were initiated with 3 to 4 d (late log phase) cultures.
Inhibitors were prepared in aqueous solution and were filtersterilized prior to use. Both ALA and LA were titrated to pH 7.5 with NaOH before sterilization. In some experiments, buffer (0.05 M Tricine, pH 7.5) was added to cultures to ensure that pH changes were not responsible for the results which we observed.
Assays. The Chl and PC content of cultures were estimated from spectra obtained using an SLM/Aminco DW2-C spectrophotometer. Estimates were made using the simultaneous equations of Jones and Myers (16) . Cell viability was monitored as plating efficiency on BG-11 solidified by 1% (w:v) agar (13) .
To measure excretion of organic acids, cells were harvested and resuspended in normal growth media (BG-l 1) to a cell concentration of 109 cells/ml. Inhibitor was added to these concentrated cultures and incubation occurred (200 ft-c white light at 330C) for 22 h with vigorous shaking. In some experiments, light intensity was varied using neutral density screens. Cells were harvested by centrifugation and the spent medium was clarified by passage through a 0.2 Am filter.
The filtrate was analyzed in several ways. First, the concentration of the excreted product was estimated using a protocol for the determination of ALA (17) . To filtrate (1.0 ml), 0.4 ml of 2 M sodium acetate (pH 4.7) and 0.028 ml acetyl acetone were added. The mixture was placed in a boiling water bath (10 min). The pyrrole product formed by condensation was determined using modified Ehrlich reagent and was quantified by absorption at 552 nm (20 Excretion of ALA Induced by GAB. Experiments with higher plant systems suggest that GAB inhibits the formation of ALA (9, 10, 15, 29) . In contrast, LA is a competitive inhibitor of ALA dehydratase (17) and promotes ALA excretion. Thus, we had hoped to use ALA excretion as a method to examine the relationship between LA and GAB. If GAB were to inhibit ALA formation, it would diminish the ALA excretion induced by LA. In contrast to our expectations, however, GAB itself induced the excretion of ALA. Figure 2 shows the concentration of GAB required to induce ALA excretion by A. nidulans. Similar concentrations were needed to fully inhibit pigment biosynthesis (Fig. 1) . A reduction in the extent of ALA excretion was observed above 50 to 100 Mm GAB, suggesting that GAB had additional effects at higher concentrations. Furthermore, iron-and phosphate-deficient cultures showed a heightened sensitivity to GAB. Nitrate-starved cells, even though they did not accumulate pigment, excreted relatively little ALA. It is likely, therefore, that nitrate starved cells had a lower concentration of nitrogen-rich ALA precursors. Lack of these precursors would reduce ALA biosynthesis, even in the presence of GAB. Figure 3 shows the time course ofALA excretion and illustrates three points. First, excretion was observed soon after GAB addition to cells. The inhibitor bound relatively quickly to the target enzyme and measurable ALA excretion occurred after 1 to 2 h. Second, following this brief lag, excretion proceeded at a fairly constant rate. Time course experiments were extended past 4.5 h and showed that ALA excretion was linear for nearly 24 h (results not shown). Finally, both iron-deficient and normal cells responded to GAB with similar kinetics of excretion.
Effects of Illumination. The effects of illumination on ALA excretion are shown in Figure 4 . The extent of ALA excretion increased with increasing light intensity, suggesting that ALA production required photosynthetic activity. Maximum ALA production was observed at approximately 350 ft-c. Furthermore, higher intensities decreased the extent of ALA production. Since these cultures were not bubbled with C02-enriched air during incubation, it is possible that higher illumination caused photoinhibition. It is not clear if GAB, by inhibiting Chl biosynthesis, hastens the onset of photoinhibition.
Inhibition in the Presence of ALA. In higher plants, ALA reportedly can overcome the inhibition imposed by GAB (9, 10). We did not observe this with A. nidulans. In the presence of optimal GAB concentrations, ALA was completely ineffective in restoring Chl biosynthesis (Table III) . DISCUSSION GAB has been described as an irreversible inhibitor of several pyridoxal phosphate-linked transaminase reactions (25) . It is one of a class of 'suicide inhibitors,' since latent reactive groups in the inhibitor are activated by the target enzyme. Activation causes an irreversible modification ofthe enzyme active site (26) . GAB is a potent inhibitor of -y-aminobutyric acid-a-ketoglutaric acid transaminase, owing to the 3,'y-unsaturation ofthe inhibitor.
Presumably, a m-carboxyphenylpyridoxamine phosphate is generated at the active site, and this compound binds so tightly to the enzyme that it can only be liberated upon denaturation (26) .
In this report, we have documented the effects which GAB has on pigment biosynthesis in A. nidulans. At 10 to 15 gM, GAB suppressed the accumulation of both Chl and PC, presumably by blocking the pathway of protoporphyrin biosynthesis. Approximately the same GAB concentrations are required to inhibit aminotransferase activity (25) and to reduce ALA synthesis by 50% in cell-free systems (29) . Considerably higher concentrations (Table I) . One important consequence of GAB treatment was the excretion of ALA by inhibited cells (Fig. 2) . We were surprised that GAB induced an excretion of ALA. Pigment synthesis in cyanobacteria is thought to be similar to that observed in higher plants. For example, Kipe-Nolt et al. (17) demonstrated biosynthesis of ALA in cyanobacteria by monitoring ALA excretion in the presence of LA and suggested that glutamate is the major substrate for ALA synthesis (18) . Isotope distribution studies using . 2 . Effects of GAB on ALA excretion in A. nidulans. Cells of various nutritional status were harvested and resuspended in fresh, complete growth media to a concentration of 109 cells/ml. These were incubated with GAB for 22 h. Following centrifugation and filtration to remove cells, spent media was assayed for ALA as described in "Materials and Methods." Cell types used in this experiment were: (0) grown in complete media, (E) iron deficient, (A) phosphate deficient, and (x) nitrate deficient. labeled precursors of ALA have suggested that a 5-carbon pathway of ALA synthesis is operative in cyanobacteria (21) .
Furthermore, GAB has been shown to inhibit ALA synthesis in higher plants (9, 10, 15, 29) . The pathway from glutamate to ALA in higher plants is under intensive investigation (4), and may proceed via 4,5-dioxovaleric acid (22, 24) or via an activated glutamate (29) . Amine transfer is an important component of all models of the glutamate to ALA pathway (4, 22, 24, 29) . Because GAB inhibits pyridoxal phosphate-linked aminotransferase ac- Figure 2 . Illumination was provided by a bank of cool white fluorescence lights. Light intensity was varied using neutral density screens. Following a 22 h illumination, the ALA content of spent media was quantified as described in "Materials and Methods." Light intensity is expressed as a percentage of maximum light levels (590 ft-c). One of the most interesting aspects of our results is the differential effects of nutrient deficiency on GAB inhibition. Cells which were starved for iron and phosphate required less inhibitor (Fig. 1). A similar relationship has been observed between the inhibitor LA and iron deficiency (1 1). Nitrate starvation lowered the amount of organic acid excretion (Fig. 3) .
In cyanobacteria, the nutrient status of the cell profoundly influences pigment content (2, 3, 7, 14, 24 (5, 28) , and the relationship between Chl availability and Chl-protein biosynthesis is not clear. GAB will allow the addition of iron to an iron-deficient culture in the absence of Chl biosynthesis. Preliminary experiments have focused on the spectral properties of iron-deficient cells ( 12 (12) . Recovery, therefore, must be due to a change in the environment of existing Chl. Experiments monitoring the low temperature fluorescence emission profile of this Chl will be necessary to document this shift.
